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The above accident, which occurred just before submission of this paper, illustrates a dire consequence of working with hydrofluoric acid without awareness of its extreme hazards and lack of preparedness. From the numerous queries I personally have received after publication of my first paper in 1998, 2 I conclude that there are still many more who could use information. And from a recent spate of inquiries on the SAFETY listserve, it appears that many have not established a protocol for HF exposure or heard of the current recommended methods of treatment. So a review/ update to my first paper seems appropriate. In this sequel I want to discuss:
I. Review of HF hazards II. Emergency procedures III. Treatments IV. 5 vs. 15 minutes of irrigation V. Current status of Hexafluorine
I. REVIEW OF HF HAZARDS
Hydrofluoric acid ) is a high-volume chemical used in at least eight industries (see Figure 1) , with production of 375,000 tons in 1998 and demand estimated to be 400,000 tons in the U.S. in 2002. 3 It is considered more hazardous than most chemicals in five out of six ranking systems 4 ; it is ranked as one of the most hazardous compounds (worst 10%) to human health. Ray Campbell, REA, CCHO, at Varian, Inc., described his HF injury as "the most painful, disabling, scarring, long-term injury I have ever seen, and I am a Vietnam veteran." Concentrated HF covering 2% of the body can be fatal.
HF is a colorless, fuming liquid or gas with a strong, irritating odor. In concentrated forms it is a strong protonic acid, whereas dilute solutions are weak acids (pK a ϭ 3) that remain relatively nonionized but can penetrate the stratum corneum, the tough waterproof outer skin layer of dead cells, and penetrate deep into tissue layers. 5 Once absorbed HF dissociates rapidly at the physiological pH of 7.4.
Toxic systemic effects occur when the electron-hungry fluoride ion penetrates and migrates into tissue to bind primarily with calcium, but binding to magnesium, sodium, and potassium can also occur.
Without enough calcium (hypocalcemia) and magnesium (hypomagnesia), nerves fail and cell membranes collapse. In addition, excess potassium (hyperkalemia) can occur, which can lead to life-threatening cardiac arrythmias (ventricular fibrillation). The adverse effects can progress for several days after exposure. Surface involvement of weak solutions is minimal and may even be absent. Burns to the fingers and nail beds may leave the overlying nails intact. An insidious hazard is the fact that dilute solutions are indistinguishable from water.
The time to onset of symptoms is related to the concentration of the HF:
• At concentrations Ͼ50%: immediate burns appear with rapid destruction of tissue as noted by a whitish discoloration, usually proceeding to blisters, accompanied by severe pain. The pain is typically described as "deep," "burning," or "throbbing," and often out of proportion to apparent skin involvement.
• At concentrations between 20 and 50%: burns can be delayed 1 to 8 hr.
Eileen B. Segal is a private consultant (Segal Consults, 2701 Liberty St., Easton, PA 18045, 610-258-2656 ebsegal@aol.com) tions. E.g., hydrochloric acid damages only the superficial structures of the eye, because its penetration is limited by a precipitated protein barrier. 5 In the case of HF, immediate action should be taken with initial flushing and then treatment with sterile 1% calcium gluconate solution. For details, see the inset by Bernard Blais, M.D.
III. TREATMENTS
Calcium gluconate is the preferred treatment of choice for minor HF exposure for the following reasons:
• It is easy to use.
• It can be self-administered or applied by first aiders.
• It can be applied immediately as soon as the burn is suspected.
• It is painless to apply.
• It produces no risk of increasing tension in the tissues.
FIRST AID FOR HYDROFLUORIC ACID BURNS TO THE EYE(S)
Bernard Blais, M.D., F.A.A.O., F.A.C.O.E.M., F.A.C.S. (1) IT IS IMPERATIVE that immediate and thorough treatment be provided at the EARLIEST possible time.* Alert emergency personnel.
(2) Immediately utilize emergency deluge showers and/or emergency eyewashes † based on the amount or area of contamination to the body.
(3) The employer's first responders must be trained in first aid for hydrofluoric acid burns, including the use of 0.13% benzalkonium chloride and 2.5% calcium gluconate gel and calcium gluconate intravenous solution (first responders per OSHA are to be trained to service the potential hazards).
(4) Upon arrival at the scene, first responders should evaluate the victim for potential cardiovascular or pulmonary complications, and initiate emergency medical treatment based on the existing emergency medical services protocol.
(5) Whereas initial irrigation of a corrosive with deluge shower or emergency eyewash generally lasts 15 minutes, in the case of HF burns, it is 5 minutes prior to further medical treatment or until relieved by emergency personnel. Clothing, jewelry, and shoes should be removed during the showering period, removing chemical goggles last over head and eyes closed. Normally, individuals tend to close their eyes when flushing, so it is important to hold the eyelids open and have the victim roll the eyeballs so water will flow to all surfaces.
(6) It is critical to irrigate beneath the eyelids, not just the face and external surfaces of the eyelids. It is important not only to flush away the caustic substance, but also to remove any particulate matter that may have lodged under the eyelids. (7) A device such as a Morgan Lens or, preferably, an Eye Irrigator can be used with a standard Ringers solution containing 1.0% calcium gluconate and a local anesthetic for HF ocular burns. The Eye Irrigator ‡ is a fairly new device, consisting of a slitted loop designed to easily slide up under the upper lid without having to pry open or otherwise traumatize the eye. The procedure is simple but does require some basic training. Benzalkonium chloride solutions should not be used for ocular burns.
(8) Eye irrigation should be continued by the first responder until relieved by a physician, preferably by an ophthalmologist. Calcium gluconate should not be injected subconjunctivally or subtenons, because it is too toxic for ocular tissue.
(9) The ophthalmologist may elect to continue irrigation with 500 -1000 mL of 1% calcium gluconate solution utilizing a local anesthetic. Depending on the severity of the injury, the patient may be admitted to hospital or discharged with a topical application of 1% calcium gluconate eye solution, ophthalmic steroids, antibiotics (systemic or topical), and other treatments for alkali corrosive eye burns such as glaucomatous agents for elevated intraocular pressure.
*Subpart K-Medical and First Aid of OSHA §1910.151 states:
(a) The employer shall ensure the readily availability of medical personnel for advice and consultation on matters of plant health. (b) In the absence of an infirmary, clinic, or hospital in near proximity to the workplace which is used for the treatment of all injured employees, a person or persons shall be adequately trained to render first aid. First aid supplies approved by the consulting physician shall be readily available. (c) Where the eyes of body of any person may be exposed to injurious corrosive materials, suitable facilities for quick drenching or flushing of the eyes and body shall be provided within the work area for immediate emergency use. † See ANSI Z358. 
A. Mixing Your Own Solutions
This method can be considerably cheaper or a local pharmacy can make up a solution.
Topical Gel (2.5%).
Mix one 10-mL ampule (10%) per ounce of surgical gel (K-Y Lubricating Jelly; Johnson & Johnson). The gel must be kept above 40°F. Do not freeze.
The latest DuPont MSDS (Nov 1998) supplies another formulation as well: Mix 3.5 g of USP calcium gluconate powder with a 5-oz tube of surgical water-soluble lubricant (e.g., K-Y Lubricating Jelly).
2. Calcium Gluconate Solutions for Topical Injections. Mix one 10-mL ampule (10%) with an equal amount of saline solution to give a 5% calcium gluconate concentrate.
3. Nebulizer. Mix one 10-mL ampule (10%) per 30 mL of saline solution to give a 2.5% calcium gluconate solution.
4. Eye Wash. Mix one 10-mL ampule (10%) per 90 mL of saline to get a 1% calcium gluconate solution. If you take 100 mL out of a 1000-mL bag of normal saline and put in 100 mL of calcium gluconate, you will have the proper mixture.
Note: The shelf-life for all mixtures has not been determined, but a periodic replacement period should be established; the recommendation on the DuPont MSDS is 6 months. If the ingredients are stored separately until needed, the shelf-life is less of a concern.
Be aware that even following emergency treatment with calcium gluconate, delayed life-threatening burns can still occur. Followup treatment at a medical facility is necessary. It is wise to warn the hospital of your intentions to bring folks to them for HF burn treatment and to make sure that they are informed of its specific treatment.
B. Benzalkonium Chloride (Zephiran Solution)
This product can be obtained from Sanofi Inc., 90 Park Ave., New York, NY 10016 (800-446-6267). It is available in gallon containers as a 1:750 (0.13%) solution. The material has a limited shelf-life and should be stored in light-resistant containers. A 17% solution is also available but should only be diluted by a qualified individual. Since benzalkonium chloride is a nonprescription drug, it should be available through most local pharmacies. They can obtain it from pharmaceutical wholesale distributors such as McKesson Pharmaceuticals, Cardinal Health Inc., or the local pharmaceutical wholesaler. Assorted basins should be kept on hand for immersions.
IV. 5 vs. 15 MINUTES OF IRRIGATION
After my first paper was published, 2 a letter to the editor was published in the Jan./Feb. 1999 issue of CH&S entitled, "Another viewpoint on the treatment of HF skin exposure." 7 The purpose of the letter was to "provide an interpretation of these different procedures and offer a practical response for HF skin procedure." Points brought out follow:
• It is straightforward to train employees in a single emergency response treatment (i.e., the common 15-min wash protocol).
• Recommendations in MSDSs are inconsistent.
• There is a real possibility that a confused employee will attempt to apply HF treatment to another acid, (e.g., HCl).
• Community-involvement programs stress communication with industrial users of HF and hospitals. we have a dilemma. Will an exception to the rule for HF cause confusion? The solution is, of course, to have a plan in effect ahead of time, and to provide training to implement that plan. All potentially exposed personnel should be trained in first-aid care for HF burns before beginning work with HF. Calcium gluconate gel should be readily accessible in areas where HF exposure potential exists.
DuPont provides all its potentially exposed personnel with a (3Љ ϫ 5Љ) booklet and card (2.25Љ ϫ 3.75Љ), easily carried on their persons. These are routinely provided free of charge to companies purchasing HF and to anyone who requests a single copy (call 800-441-9408).
My contact at DuPont informed me that the 5-min wash procedure began in 1990 and since that time at least 75% (it might be as high as 98%) of companies using anhydrous HF have adopted the 5-min wash. Further, he
It is wise to warn the hospital of your intentions to bring folks to them for HF burn treatment and to make sure that they are informed of its specific treatment.
tells me that the 5-min wash is being applied to other water-soluble substances such as hydrochloric acid and chlorine. The DuPont MSDSs for hydrochloric acid and chlorine state for skin contact, "Flush the skin thoroughly with water at least 5 minutes." Preliminary tests show that the 5-min time frame is effective in many cases; this is especially fortuitous in cold areas where a 15-min cold shower wreaks its own hazards.
And consider this! In 1998 Pharmascience introduced a new product, a sterile 2.5% isotonic calcium gluconate wash packaged in a plastic container (480 mL). In the event of an exposure, the solution was to be applied immediately to affected areas until thoroughly washed. It was claimed that the wash removed more HF than a pure water wash and significantly reduced the quantity of HF that penetrated the skin. After washing, calcium gluconate gel was to be applied repeatedly while seeking medical attention. Evidently HF users weren't ready for this innovation and as of Aug. 6, 1999, the wash was no longer available.
V. CURRENT STATUS OF HEXAFLUORINE
At the 1998 spring meeting of the Semiconductor Safety Association, Hall et al. delivered a paper 8 that presented impressive results about the use of Hexafluorine, a proprietary product manufactured by Laboratoire PREVOR in France, claimed to be an amphoteric, hypertonic, chelating agent specifically designed to detoxify hydrofluoric acid. It has chemical bond energy greater than that of eye/ skin receptors and does not produce a significant exothermic reaction with release of heat that could further damage exposed tissue. In addition, it is claimed to be safe to use in the eyes. Hall describes five cases in his paper. Two of those cases follow: Experimental animal data on rats and rabbits as well as in vitro data are compelling. One such case is shown in Figure 2 . To simulate the effects of decontamination without flushing, 10 mL of 0.1 N HF (0.2%) was placed in a beaker and either water, 10% calcium gluconate, or Hexafluorine was added. The pH and the pF (pF ϭ negative logarithm of the fluoride ion concentration) were measured. As noted, water had little effect. Both calcium gluconate and Hexafluorine absorbed or neutralized H ϩ , although Hexafluorine bound the hydrogen ion 100 times greater than calcium gluconate. The final pH for Hexafluorine was 6.5 vs. 4.5 (still acidic) for calcium gluconate.
I recently spoke with Alan Hall, M.D., one of the authors of the 1998 paper on Hexafluorine, who has been hired as a consultant for PREVOR. He was very skeptical about the product at the beginning, but new incidents of 11 exposed workers at Mannesmann AG (headquartered in Dusseldorf, Germany) have shown the effectiveness of the product. These case studies will be presented at the Semiconductor Safety Association 2000 spring meeting and published. 9 Hexafluorine is being widely used in France and Germany; Ireland, Italy, Sweden, and the United Kingdom are giving serious consideration to its use. In the U.S., PREVOR is actively seeking FDA approval, armed with the new compelling data from Germany. One "sticky" issue is whether the product should be considered a drug or, preferably, a medical device (as it is in Europe).
For more information on PREVOR, check out the web site at http://www. prevor.com.
CONCLUSION
Because HF is a unique acid and its emergency treatment is specialized and different from that of other inorganic acids, all exposed and poten- Abstract-A fatal accident involving concentrated hydrofluorlc acid in a palynological laboratory is described. Similar deaths due to dermal exposure to concentrated hydrofluoric acid have been reported in the literature. It is evident that rigorous control measures including proper personal protective equipment and first aid are of utmost importance in the prevention of death and injury when handling hydrofluoric acid. Possible factors that may have contributed to the accident are reviewed. Copyright @ 1996 British Occupational Hygiene Society.
Hydrofluoric acid is a corrosive and toxic liquid that is potentially toxic even following dermal exposure to small amounts (Burke et al., 1973) . The fatality described below brights the potential for relatively small quantities of concentrated hydrofluoric acid to produce acute systemic toxicity and it is clear that laboratory personnel underestimated the risks associated with the acid. The purpose of this paper is to raise awareness of the inherent dangers associated with dermal contact with con~ntrated hydrofluo~c acid, and of the impo~an~ of observing strict precautions when handling it.
ACCIDENT DESCRIPTION A palynological technique used by geologists involves the dissolving of sedimentary rock with mineral acids (hydrochloric and hydrofluoric acid) to liberate acid-insoluble microscopic fossils. The fossils are then examined by microscopy to determine the age of the rock and oil potential.
A 37-year-old male laboratory technician was performing acid digestion of oil well core and ditch samples with 70% w/w concentrated hydrofluoric acid in a fnme cupboard. He was believed to be seated when he knocked over a small quantity (IOO-230 ml) of hydrofluoric acid onto his lap, splashing both thighs. The only personal protective equipment (PPE) worn was two pairs of wrist length rubber gloves and a pair of polyvinyl chloride (PVC) sleeve protectors. As a result of the fact that the technician was working alone, it is unclear whether the spill was from the digestion cup or the 2-l. bulk acid container.
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The technician sustained bums to 9% of his body surface area, despite washing his legs with water from a makeshift plumbing arrangement that supplied water at 6 1. min-'. No calcium gluconate gel was applied to the affected area and contaminated clothing was not removed during the flushing with water. Following flushing, the technician, who appeared to be in severe pain and shock, immersed himself in a chlorinated swimming pool at the rear of the workplace, where he remained for approximately 35-40 min before ambulance help arrived.
The injured man was hypothermic and hypocalcaemic on admission to an intensive care unit at a nearby hospital, and soon became unconscious. His condition continued to deteriorate despite subcutaneous injections of calcium gluconate and adminstration of intravenous calcium and magnesium. His right leg was amputated 7 days after the incident. He subsequently died from multi-organ failure 15 days after the hydrofluoric acid spill.
LIKELY CONTRIBUTING FACTORS
The most significant factor influencing acute systemic toxicity of hydrofluoric acid is the total amount of fluoride ion absorbed. In dermal exposures this is a function of the duration of exposure, the total surface area affected and the concentration of the hydrofluoric acid (Krenzelok, 1992) .
It is clear that one of the main factors that contributed to the systemic effects was the dermal exposure of 9% body surface area to concentrated hydrofluoric acid.
Wounds as small as 2.5% of the body surface area from concentrated hydrofluoric acid can produce hypocalcaemia of potentially lethal extent within 2 or 3 h (Greco et al., 1988) . Adequate personal protective equipment during the handling of concentrated hydrofluoric acid could have prevented this death. Fulllength PVC coveralls with sleeves to the wrist or a full-length PVC apron with sleeve protectors, a face shield, rubber boots, safety goggles and mid-arm length PVC gloves should have been worn by the deceased when hydrofluoric acid was being used in the fume cupboard.
The duration of exposure may also have contributed to the uptake of the fluoride ion. Hydrofluoric acid passes through the skin into deep tissue rapidly and the affected area must be flushed with water immediately (Bracken et al., 1985; Greco et al., 1988) . The deceased did not have access to an emergency shower to remove the hydrofluoric acid, instead the skin was washed from a hose that provided water at a very low flow rate. Because of the low flow rate, the volume of water may have spread the hydrofluoric acid onto other parts of the skin, rather than washing the hydrofluoric acid off the skin. After a number of minutes, the deceased immersed himself in the swimming pool.
Although flushing is effective in removing surface hydrofluoric acid, it does not affect the fluoride ion that may have already penetrated deeper (White, 1984) . In this instance, no calcium gluconate gel was applied following dermal exposure to hydrofluoric acid; calcium gluconate gel is an effective topical treatment for hydrofluoric acid bums (Trevino et al., 1983) .
Even though the deceased sustained burns to 9% of body surface area inhalation may also have been another route of exposure due to the relatively high vapour pressure of hydrofluoric acid. Pulmonary oedema was noted at autopsy but it was unclear whether this was due to hydrofluoric acid inhalation or to other causes. An ergonomic assessment of the work station indicated the following.
(1) The working height of the fume cupboard was too low (by between 110 and 160 mm) for the deceased to work comfortably in a standing position. Sitting would have increased the body surface area during a spill of hydrofluoric acid. (2) Instability of the digestion cups due to lightweight construction, that is, height 75 mm, diameter of base 59 mm, diameter at top 78 mm made of 2 mm polyethylene. (3) Lack of available space in the fume cupboard, entrance of the fume cupboard was 470 mm wide and 410 mm high. (4) As a result of the design of the container, decanting from the 2-1. hydrofluoric acid container was awkward, involving the pronation of the forearm. The laboratory personnel may have minimized the likelihood of a spill through the introduction of cup supports for the digestion cups. Other ergonomic factors which may have reduced the likelihood of a spill include:
(1) provision of a fume cupboard that had more working space; (2) use of smaller sized bottles or better designed 2-1. 70% w/w hydrofluoric acid containers (to minimize awkward pouring postures) 'or introduction of a graduated dispensing unit to negate pouring the acid; (3) provision of an appropriate bench height for the operator. Overall, the laboratory did not comply with the requirements of Australian Standards "Safety in Laboratories" (AS 2243 (AS , 1992 Mullett et al. (1987) described a similar fatality with 70% hydrofluoric acid where a 61-year-old male sustained burns to 8% of his body surface area. This individual died from cardiac arrhythmia secondary to the depletion of ionized calcium, by fluoride ion. As in the case reported here, the burns were predominantly on the right leg, the injured person washing his leg with tap water for approximately 15 min. He reached the hospital 35 min after sustaining the injury. Calcium gluconate gel was not applied to the burns site until he reached the hospital and although subcutaneous and intravenous calcium therapy was given at the hospital, he died 15.5 h after the injury.
By contrast, Greco et al. (1988) reported the case of a 50-year-old worker who survived bums to 22% body surface area from 70% hydrofluoric acid. He showered immediately, had calcium gluconate gel applied to the wounds and was taken to a nearby hospital where he was promptly treated with subcutaneous and intravenous calcium.
It is evident that apart from the location of bums, the size of the bums and concentration of the acid, washing the area affected immediately and the application of calcium gluconate gel to reduce the uptake of fluoride ion may prevent a fatality. Greco et al. (1988) proposed that the development of hypocalcaemia may occur in the following situations:
(a) burns of > 1% surface area from 50% (or greater concentration) hydrofluoric acid; (b) 5% or greater surface area with any concentration of hydrofluoric acid; and (c) inhalation of fumes from 60% (or greater concentration) hydrofluoric acid. As noted by Stencel and Tobin (1987) and Mansdorf (1987) , appropriate protective clothing, prompt first-aid and proper clean-up procedures are critical for workers handling hydrofluoric acid. Failure to wear appropriate PPE and failure to follow appropriate first-aid procedures, may result in severe injury and increase the likelihood of death from fluoride poisoning. Nearly 90% of hydrofluoric acid exposures result in the development of some toxic sequelae, and approximately 80% of patients require treatment in a health care facility (Krenzelok, 1992) .
It is clear that the laboratory did not comply with relevant Australian Standards for Safety in Laboratories. Compliance with the Australian Standards would have significantly reduced the likelihood of this accident. New Australian regulations for the control of workplace substances (National Occupational Health and Safety Commission, 1994) require that a proper risk assessment is performed and it is hoped that the enforcement of these regulations will prevent fatalities such as the one described here.
